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Summing ANFIS PID Control of Passenger Seat
Vibrations in Active Quarter Car Model
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Abstract—In this paper, passenger seat vibration control of an
active quarter car model under random road excitations is considered.
The designed ANFIS and Summing ANFIS PID controllers are
assembled in primary suspension system of quarter car model.
Simulation work is performed in time and frequency domain to
obtain passenger seat acceleration and displacement responses.
Simulation results show that Summing ANFIS PID based controller
is highly suitable to suppress the road induced vibrations in quarter
car model to achieve desired passenger ride comfort and safety
compared to ANFIS and passive system.

Keywords—Quarter car model, Active suspension system,
Summing ANFIS PID controller, Passenger ride comfort.

1. INTRODUCTION

EHICLE ride comfort and handling are two main
deciding factors in suspension system design and
development. Suspension system must suppress the vertically
transmitted vibrations in vehicles to achieve desired ride
comfort and handling. Depending on the type of assembled
components, a suspension system can be classified as passive,
semi-active and active type. Passive suspension system is
mostly used in vehicles due to its low cost compared to semi-
active and active type. It is assembled with spring and damper
having fixed stiffness and damping values decided by the
designers. It is effective only in certain frequency range in
terms of controlling road induced vibrations, resulting into low
performance related to passenger and vehicle body safety
during running conditions. Semi-active suspension system is
integrated with magneto-rheological or electro-rheological
dampers to provide variable damping in vehicle suspension
[1], [2]. But design of controllers for handling the working of
these dampers is complicated task. Active suspension systems
are capable of providing best performance in terms of ride
comfort and safety of travelling passengers compared to
passive and semi-active type [3]-[5]. The working of
assembled actuators and sensors in active suspension system
provide desired damping force in vehicles resulting into
vibration control in high frequency range. Thus, active
suspension systems are attractive choice for vehicle industries
and researchers due to its above mentioned various
advantages.
In past, various control techniques have been developed and
employed in active quarter car system to achieve enhanced
ride comfort and vehicle handling issues by supplying
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appropriate control force in suspension system. Huang and
Lian [6] used fuzzy and neural network control scheme to
design hybrid controller. Rao and Prahlad [7] designed a
tunable fuzzy controller for application in an active quarter car
suspension system. Kuo and Li [8] proposed genetic algorithm
based optimized fuzzy proportional integral/proportional
derivative controller. Sharkawy [9] implemented adaptive
fuzzy controller in active suspension system. Yildirim and
Eski [10] applied neural network control in test rig of active
quarter car model to achieve high ride quality. Lin et al. [11]
implemented a hybrid self-organizing fuzzy controller and
radial basis function neural network controller (HSFRBNC)
based controller in active quarter car model. Li et al. [12] used
a reliable fuzzy Hoo controller in active suspension system of
quarter car model. Kothandaraman and Ponnusamy [13] tuned
the parameters of ANFIS controller using Particle Swarm
Optimization (PSO) technique. Devdutt and Aggarwal [14]
implemented a hybrid fuzzy — PID controller with coupled
rules in an active quarter car model.

In present paper, an active quarter car model with three
degrees of freedom is taken to improve the passenger ride
comfort and safety during travelling period. The designed
Summing ANFIS PID (SANFISPID) controller is the
combination of ANFIS and PID controller and applied in the
primary suspension of an active quarter car model. The
passenger seat vibration responses are studied in terms of
acceleration and displacement responses under random road
profile. Simulation results are compared for passive and active
quarter car models in time and frequency domain.

II. QUARTER CAR SYSTEM

The dynamic response of an active suspension system is
evaluated using three-degrees of freedom model of quarter car
system as shown in Fig. 1. This quarter car model is having
main suspension connecting sprung mass and unsprung mass
as well as seat suspension connecting passenger seat and
sprung mass respectively. In this model m,, m, and m,;
represent passenger seat mass, sprung mass and unsprung
mass respectively while the damping coefficient and spring
stiffness of passenger seat suspension and main suspension are
denoted by c¢,, ¢y, kp and kp, respectively. The supplied
control force by controller in main suspension is represented
by F,. Similarly, displacements of the corresponding masses
are zp, zg and z,¢ respectively while the road displacement is
denoted by z,..
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Fig. 1 Active quarter car suspension system

The mathematical equations of active quarter car model
with three-degrees-of-freedom are as follows:

myZy + ¢y (2p — 25) + kp(2p — 25) = 0 (1)
mgZs — cp(2p — 25) —kp( 2y — 2) + cm(Zs — Zus)
+km(Zs_ Zus) + Fa =0 (2)
muszus - Cm(zs - Zus) - km(Zs - Zus) + kt(zus - Zr)
-F =0 3)
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III. CONTROLLER DESIGN

In present section, the developed ANFIS and SANFISPID
controllers are described for application in main suspension of
the selected active quarter car model.

A. ANFIS Contorller

Adaptive Neuro-Fuzzy Inference System (ANFIS) structure
is the combination of a fuzzy controller and a neural network
controller. Neural networks are highly efficient when working
with mathematical data due to its parallel computation and
learning abilities whereas fuzzy logic can effectively use the
human reasoning ability and human knowledge representation.
ANFIS is an intelligent control system based on the working
of neural network and fuzzy controller. A desired target
related to simulation of the input data to the output data can
be achieved using ANFIS controller.

The training data set between inputs and output for ANFIS
controller design was 170 rows. The selected number of
epochs was 50 for training. The number of triangular
membership functions for input variables: error (e) and rate of
change of error (de) was 5, each having a total 25 (5x5=25)
number of rules. The inputs e and de are represented by five
linguistic terms, such as VL: Very Low, L: Low, N: Normal,
H: High and VH: Very High respectively. The shapes of the
triangular membership functions for e and de after training are
shown in Fig. 2. The surface plot for ANFIS controller with
two inputs as e and de and an output F, is shown in Fig. 3.
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Fig. 2 Membership functions for (a) error signal, e (b) derivative of error signal, de

Fig. 3 Input/ output ANFIS surface plot

B. Summing Hybrid ANFIS PID Controller

The designed SANFISPID controller is the combination of
two controllers i.e. ANFIS and PID controller as shown in Fig.
4. A PID controller is highly successful in control system
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applications due to its simple design and effectiveness. It
delivers better results for linear systems having small
deviations from the set reference point. ANFIS controller is
capable of delivering satisfying results in the nonlinear
systems having high deviations from the set reference point.
The designed SANFISPID controller integrates the good
characteristics of ANFIS and PID controller.

The signal generated from output side of PID controller,
Up;p(t) is given by:
Upip(t) = Kple(®)] + K; [Lioe(®)] + Kp[é ()] 4)
where e(t) = y,or — ¥, is the error signal, y, is the
reference position of signal and y is the current position of the
signal. Here, Kp =950, K; =80 and Kp =650 are
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proportional, integral and derivative gain respectively for PID

controller.
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Fig. 4 Summing HANFISPID controller in active quarter car model
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Fig. 5 Random road profile

IV. SIMULATION RESULTS

In present section, the response of quarter car model is
studied under random road excitation. The selected random
road profile is shown in Fig. 5. The developed passive and
active models of quarter car model were run for 4 seconds in
simulation environment under the vehicle speed of 40 km/hr
using quarter car parameters as given in Appendix in Table III.
The passenger ride comfort issues are studied in time domain
while frequency domain provides the response of travelling
passenger under natural frequency values.

The simulation results related to passenger seat, sprung
mass, passenger seat suspension and main suspension are
shown in Figs. 6-8. It can be seen from Fig. 6 that passenger

seat acceleration and displacement suppression response are
best for SANFISPID controlled suspension system compared
to passive and ANFIS controlled suspension system. Sprung
mass vibration reduction responses are also much improved
for SANFISPID controlled suspension system as seen in Fig.
7. The suspension displacement responses of passenger seat as
well as main suspension in Fig. 8 are much controlled by
SANFISPID controller in active quarter car model compared
to other two considered cases. The damping force supplied in
main suspension system as well as power consumed by
designed ANFIS and SANFISPID controller are presented in
Fig. 9 and Fig. 10, respectively.
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Fig. 6 Passenger seat response (a) acceleration (b) displacement
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Fig. 7 Sprung mass response (a) acceleration (b) displacement
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Fig. 8 Suspension stroke response (a) seat suspension displacement (b) main suspension displacement
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Fig. 9 Damping force supplied by ANFIS controller (b) Power consumed by ANFIS controller
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Fig. 10 Damping force supplied by SANFISPID controller (b) Power consumed by SANFISPID controller

Simulation response of passive and active quarter car terms of peak and RMS (root mean square) values for
models is shown in Table I related to passenger seat as well ~SANFISPID controlled suspension system. It shows the best
sprung mass acceleration and displacement values. It can be  performance of SANFISPID controller in main suspension of
seen from mathematical results that the magnitudes of active quarter car model in vibration suppression compared to
passenger seat and sprung mass response are much lower in  passive and ANFIS controlled cases.
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TABLE I
SIMULATION RESULTS UNDER RANDOM ROAD PROFILE

V.SPECTRAL DENSITY ANALYSIS
The power spectral density (PSD) signals are obtained using

Measuremen Controller T Acceleration (m/s*)  Displacement (m) . £
. ontrolier c
t point yp Peak RMS Peak RMS time response data of passenger. seat. in quarter car model. It
Passive 14168 06565 00187 00091  can be seen from PSD p10t§ in Fig. 11 that SA.NFI'SPID
Pas::;ger ANFIS 10979 04171 00065  0.0048 controller decreases the magnitude of PSD signals in highest
SANFISPID 0.7008 0.2496 0.0021  0.0036 terms compared to passive and ANFIS controlled suspension
Passive 25714 09167  0.0161  0.0075 system. Thus PSD signal plots also confirm the superior
Sprung mass ANFIS 26436 0.7903  0.0051  0.0044 behavior of SANFISPID controlled suspension system in
SANFISPID 23570  0.6195  0.0020  0.0035 vibration suppression as compared to other cases.
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Fig. 11 PSD response of passenger seat under random road profile (a) acceleration (b) displacement
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Fig. 12 Bode plot (a) seat acceleration (b) seat displacement

VI. FREQUENCY DOMAIN ANALYSIS

The frequency response plots for three designed quarter car
models are shown in Fig. 12. The three resonance frequencies
for the passive quarter car model are 0.9431 Hz for passenger
seat, 1.8025 Hz for sprung mass and 10.7162 Hz for unsprung
mass, respectively. It can be seen from Fig. 12 that passenger
seat resonance magnitudes are lower for ANFIS and
SANFISPID controlled suspension systems compared to
passive one. But much lower values are seen for SANFISPID
controlled suspension system, showing its successful
performance in frequency domain analysis.

A. Robustness Analysis

In present section, robustness analysis of SANFISPID
controller is performed in frequency domain due to its highest
effectiveness in an active quarter car suspension system. This
analysis is helpful to know the robustness and performance of
the controller against changing loading and design parameters
of assembled components in an active quarter car model. The
selected parameters to study robustness analysis are sprung
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mass, main suspension damper damping and spring stiffness
variation, respectively. The nominal values of the selected
parameters with the variation values are shown in Table II. It
can be seen from Figs. 13-15 that SANFISPID controlled
suspension system shows robust behavior in frequency domain
with variation in sprung mass, damper damping and spring
stiffness magnitudes.

VII. CONCLUSION

In this paper, ANFIS controller based SANFISPID
controller was developed for application in main suspension of
an active quarter car model. Simulation results in time domain
under random road input showed that proposed SANFISPID
controller was successful in achieving the highest ride comfort
and vehicle handling issues in an active quarter car suspension
system compared to passive and ANFIS controlled suspension
systems. The proposed SANFISPID controller also showed
the robustness in frequency domain while the system
parameters were varied in simulation work.
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Fig. 13 Bode plot for sprung mass variation (a) seat acceleration (b) seat displacement. The arrow head shows the direction of mass variation
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Fig. 14 Bode plot for damping variation (a) seat acceleration (b) seat displacement. The arrow head shows the direction of damper damping
variation
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Fig. 15 Bode plot for stiffness variation (a) seat acceleration (b) seat
displacement. The arrow head shows the direction of spring stiffness

variation
TABLE IT
VARIATION OF QUARTER CAR PARAMETERS
Parameter Nominal Value Variation
mg 365 kg +40 kg
Cm 1550 N/m/s + 250 N/m/s
km 20000 N/m + 3500 N/m
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APPENDIX
TABLE III
PARAMETER VALUES OF THE QUARTER CAR MODEL
Mass (kg) Stiffness (N/m)
my, =175 ky =7550
ms =325 k. =20000
mys =40 k. = 180000

Damping (Ns/m)
cp =850
Cm = 1550
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